In order to detect the fluctuations of the global circulation patterns and their relation to the Asian summer monsoon, an empirical orthogonal function (EOF) analysis was applied to the July monthly mean smoothed surface pressure data for 106 years (1871-1976) covering most of the globe. The 1st component (31% of the total variance) shows a contrasting spatial pattern between the Southern Hemisphere through the equatorial zone and the Northern Hemisphere mid-latitudes.
Introduction
Studies of climatic change during the instrumental-record period have been proceeded mostly by using the surface temperature in the Northern Hemisphere (e.g., Budyko, 1969; Mitchell, 1961; Yamamoto and Hoshiai, 1980) . However, the surface pressure data also provides another source of information on the long-term fluctuation of the global climate during the past 100 years.
In particular, changes in the globalscale circulation patterns from the "Little Ice
Age" in the 19th century up to the present will be revealed through the analysis of the surface pressure data. By using eigenvector analysis of mean January and July surface pressure data, Kutzbach (1970) examined dominant spatial patterns of the circulation variability over the Northern Hemisphere and their changes during the past 70 years . He found, especially in the case of January, that the features on the major centers of action occurred in the early to mid-1920's and the early to mid-1950's. Kidson (1975) made a principal component analysis of the global surface pressure data in association with the "Southern Oscillation (S.O.)", and found that the S.O. is not a phenomenon in a limited area in the southern tropics but a global-scale pressure oscillation including the northern and southern high latitudes, though the period of the analysis was only 10 years (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) .
Independently, the long-range forecasting group of Beijing University have compiled the global monthly surface pressure data covering the period from 1871 to 1976. They adopted the data from various historical maps as well as the World Weather Records of the U.S.
Weather Bureau and the Monthly Climatic Data for the World of NOAA for the recent years. By using this data set for January and July, Wang (1964 Wang ( , 1965 deduced some large-scale circulation changes between the end of the 19th century and the middle of this century . For example, he noticed that during the 90 years the sub-polar low belt and the subtropical high belt in January shifted equatorward and that the zonal index has decreased nearly monotonously in the Northern Hemisphere. He also came to the opinion that the data set may have no serious errors for the discussion of the long-term fluctuations since the total air mass was proved to be conserved over the globe with a fairly good approximation.
In this paper, we will attempt to verify the dominant time-space scales and spatial structures of the long-term fluctuation of the global surface circulation regimes in the northern summer and their association with the Asian summer monsoon activity for the period of 106 years from 1871 to 1976. Through the analysis of this period, we also see the changes of the general circulation regime from the last stage of the "Little Ice Age" to the recent warmer conditions .
2, Data
The monthly mean surface pressure data of July (and April) for the period of 106 years (1871-76) was adopted, which is the same data set as Wang (1965) pressure changes and their temporal variations, empirical orthogonal function (EOF) analysis was adopted. This method for application to climatological problem has been discussed by many authors (e.g., Kutzbach, 1970; Sellers, 1968 etc.) . Before applying EOF analysis, the pressure values were normalized by dividing the anomaly values (the deviation from the longterm mean) by the standard deviation:
P'(i, t)=(P(i, t)-P(i, t))/*i where P(i, t) is the original pressure value of the i-th grid point for the t-th year, *i is the standard deviation, and P'(i, t) is the normalized data for P(i, t). As is well known, the variance of the pressure is generally far larger in the high latitudes than in the tropical latitudes. However, it does not necessarily mean that the pressure fluctuations in the tropics are less important than those in the higher latitudes. Normalization is preferred as it seems to exhibit the patterns of change more significantly in many cases (Willett, 1965) . As our interest in the present study is in global-scale patterns of change including the tropical areas, the analysis using the normalized data may be more suitable than that by the original data. Then, the normalized anomaly pressure P(i, t) was expanded to EOFs as follows:
where Fm(i) is the space coefficient of the i-th station and *m(t) is the time coefficient of the time t for the m-th component. Equation (1) was obtained under the condition of orthogonality of time functions for an arbitrary pair of components:
where *i corresponds with the variance of *i(t), which is equal to the i-th largest eigenvalue for the correlation matrix of P'(i, t). While the EOF analysis was performed on the whole grid-point network (m=100), calculations of EOFs were also made on the data adding the long-term monsoon rainfall over India, which is quoted from Parthasarathy and Mooley (1978) , to examine the relationship between the dominant patterns of pressure and the monsoon activity over India.
As will be shown later, there is a gap of dominant time scales at around 10-year period in the time series of *i(t) for the first three components (i.e., i=1*3).
That is, the time scale of less than 10 years is dominant in the shortterm fluctuations, while in the long-term fluctuations the dominant time scales are far larger than 10 years. Therefore, to discuss the longterm and the short-term fluctuations separately, the EOF analysis was applied to the 11-year running mean data, as well as the original yearto-year data.
Results and discussion

4-1. Long-term fluctuations
The results for the 11-year running mean data for the period from 1876 to 1971 are examined here. The variances and cumulative variances explained by the first 10 components are presented in Table 2 . Although the total number of the components is 100, the concentration of variance to the first 10 components (about 95 % of the total variance) is quite large, with the first three components explaining 63% of the total variance.
Hereafter, discussion will be made mainly on the first three components, since there is a gap of the variance value between the third and the fourth component.
Moreover, the spatial patterns from the fourth component show confusing features with locally-distributed large positive or negative spatial coefficients. Therefore, the first three components may represent the dominant modes of global-scale pressure changes.
The first component accounts for about 31% of the total variance. Its spatial pattern (the distribution of the spatial coefficients) generally shows a contrast between the Southern Hemisphere through the northern tropics and the middle latitudes of the Northern Hemisphere, as referred to in Fig. 2(a) . The area from the Aleutian islands toward Japan also shows the same phase as the Southern Hemisphere. The second component (19% of the total variance) and its time coefficients are shown in Fig.  3 (a) and (b), respectively. The centers of positive anomalies are found over the central north Pacific and the southern Pacific near Australia and South America, and those of the negative anomalies lie over central Asia, central Africa, north America and Arafura Sea. In other words, the spatial pattern of this component seems to represent the pressure contrast between the equatorial and monsoon trough zone and the subtropical high areas if we refer to the mean map (Fig. 1) . Or rather, if we note the major positive and negative anomalies, this pattern seems to reflect a pressure see saw between the subtropical Pacific Ocean and the Afro-Eurasian continent. The time coefficients (Fig. 3(b) ) show that the maxima of the anomaly pressure gradient from the ocean to the continent area (or, from the subtropical high area to the equatorial and monsoon trough area) appear in 1880's and 1940's to 50's and the minima in 1900's to 1920's and 1960's to 70's.
Compared to the first and second component, the third component (14% of the total variance) shows a more complicated spatial pattern as shown in Fig. 4(a) .
It is especially noted that a large positive-negative anomaly contrast exists along the periphery of east, southeast and south
Asia. However, if we take account of the dominant trough-ridge system appearing in the mean map (Fig. 1) , it becomes easier to understand the spatial pattern in this figure. Namely, the large positive anomaly area over Asian continent through Indonesian region may represent the oscillation of the monsoon trough and the ITCZ over the western Pacific and the negative area over east Asia and Arabian Sea may be responsible for the north-southward shift of the monsoon trough and the extent or rereat of the north Pacific high, respectively.
As well as the second component, this pattern seems to be related to the monsoon activity over Asia. Since the subtropical high are located at the border between the negative and positive anomalies in the southern subtropics, this component also represents the north-southward (eastwestward) shift of the southern Pacific (southern Indian Ocean) high.
Time coefficients of this component (Fig. 4(b) ) show a maximum around the 1900's, a minimum from the 1920's through 1930's,and an increasing trend thereafter.
To clarify the relationship between each mode of the pressure variation described above and the Indian summer monsoon activity, a joint EOF analysis was made adding the monsoon rainfall data over India as the 101st data, which was compiled by Parthasarathy and Mooley (1978) . They deduced a long homogeneous monsoon rainfall (June to September) over the whole of India by using about 2,000-3,000 raingage station data. A part of the series from 1871 to 1976 is shown in Fig. 5 .
The smoothed rainfall data was used as well as the smoothed pressure data by 11-year moving average. Factor loadings defined as lm(j)= Fm(j)*m1/2, were calculated, which are considered to be the measures of correlation of the j-th data with the m-th component.
The values of factor loading of the rainfall data for the 1st to the 5th component (i.e., l m(101), m=1*5) are shown in Table 3 . They show relatively large negative or positive correlations for the second and the third component. This implies that for the second component the maximum (minimum) rainfall occurs when the pressure gradient from central Asia to the north Pacific is maximum (minimum), and for the third component the maximum (minimum) rainfall occurs when the pressure gradient from Mean value is shown with the dashed line. (after Parthasarathy and Mooley, 1978) southern India to the Mimalayan regions is maximum (minimum). These relations may be interpreted as an active (weak) monsoon condition corresponding to a strong (weak) east-west and monsoon circulation over Asia through the surrounding oceans. Thus, there is little doubt that the relatively weak monsoon period over India from around 1900 to 1920's and the strong monsoon period from 1930 to 1960 are combined with the surface pressure changes appearing in the 2nd and/or the 3rd component. Moreover, if we take account of nearly the same time scale of temporal fluctuation (about 70- perature and pressure. In the Northern Hemisphere, on the contrary, the flat trend of temperature may be accounted for by the overall effect of the spatial distribution of positive and negative anomalies of pressure which occupy roughly the same areas each other. In addition, Hastenrath and Wendland (1979) have shown a prominent increasing trend of SST from 1920's to 1950's over the equatorial eastern Pacific near central America, which agrees well with the general decreasing trend of pressure corresponding with the anomalies of the first component over there.
The second component of pressure seems to correspond with the deviations of temperature from the linear trend. The minimum of time coefficients around 1900's to 1920's and the maximum around 1940's to 1950's are in good agreement with those in temperature. During 1900's through 1920's, for example, the minimum SST may account for the maximum pressure over the equatorial and tropical zone (note the negative areas in Fig. 3(a) ), which implies weak ITCZ and monsoon. The large areas of minimum pressure over the northern Pacific and the southern Pacific near Australia (note the positive areas in Fig. 3(a) ) imply weak subtropical highs over the Pacific. During 1940's to 1950's the condition is just opposite. It is presumed, therefore, a large positive (or negative) pressure anomalies over the subtropical oceans are resulted from the dynamical effect of the strong (or weak) Hadley and monsoon circulation rather than the thermal effect of the anomalous SST there. In Fig. 3(a) the positive areas covers even over the equatorial central Pacific. However, this may be due to the rather coarse resolution of grid-point network (10* 30*), and so, relatively narrow band of negative anomalies corresponding to the ITCZ there may be masked by the large positive areas to the north and the south of it. In fact, the spatial pattern of the second component for April (Fig.  7) shows an apparent negative anomalies over the ITCZ and the positive anomalies over the subtropical oceans. (The second component for April is considered to derive from the same mode as the 2nd component for July since the time coefficients for each month have shown nearly the same tendency each other.)
The direct comparison between the results here and those by Kutzbach (1970) is not possible, since the area and the period analyzed Tan Chang and T. Yasunari 1139 Fig. 7 Same as Fig. 2(a) but for the second component of April. are different each other. However, the 2nd component for July in Kutzbach (1970) seems to be identified with the 2nd component here because of the similarity of the spatial pattern and the time coefficient series in the common area and period.
4-2. Short-term fluctuations Short-term fluctuations are also investigated by using the original year-to-year data from 1871 to 1976.
The first (15% of the total variance) and second (9.9%) component show nearly the same spatial patterns as those for the 11-year moving smoothed data. The time coefficients also exhibit similar tendencies to Fig. 2 (b) and 3(b) but with shorter-period fluctuations (data not shown). So, these two components are suggested to be fundamentally the same ones as those discussed in section 4-1. The spatial pattern of the third component (8% of the total variance) and its time coefficients are shown in Fig. 8(a) and (b) , respectively. Fig. 8(a) shows a contrasting pattern between the equatorial eastern south-Pacific and the southern Indian Ocean. This can be identified as the pattern of the "Southern Oscillation" as already examined by many authors (e.g., Walker and Bliss, 1932; Troup, 1965; Kidson, 1975 etc.) . In particular, the correlation pattern for the northern summer obtained by Troup (1965) resembles quite well with the present spatial pattern (Fig. 8(a) ). Compared to the other seasons, the center of action in the eastern hemisphere shifts from the Indonesian region to the subtropics over the eastern Indian Ocean. If we take account of the mean map (Fig. 1) , this pattern may imply that in the strong S.O. year (years of minimum time coefficients) the southern Pacific high is stronger and expands more northward than in the weak S.O. year (year of maximum time coefficients) while the Mascarene (or Madagascar) high in the southern Indian Ocean expands more eastward in the weak S.O. year. On the other hand, the meridional pressure gradient over central India seems to be steeper in the strong S.O. year than that in the weak S.O. year. These features over India through the Indian Ocean may affect the strength of the cross-equatorial flow off the Somali coast for each year.
EOF analysis on the combined data with the year-to-year surface pressure and Indian monsoon rainfall data (Fig. 5 ) has revealed that this component (S.O. mode) is correlated most distinctly with the Indian monsoon rainfall as shown with the factor loading values in Table 4 . That is, the maximum (or minimum) monsoon rainfall over India occurs when the pressure over the eastern south Pacific is at the maximum (or minimum) phase. It is true that most of the extremely wet or dry years in Fig. 5 (for example, 1899 Fig. 5 (for example, , 1917 Fig. 5 (for example, , 1918 Fig. 5 (for example, , 1942 Fig. 5 (for example, , 1951 Fig. 5 (for example, , 1965 Fig. 5 (for example, , 1972 Fig. 5 (for example, , 1975 correspond with the years of extremely large positive (or negative) value in Fig.  8 (b) . The high correlation between the monsoon rainfall over India and the S.O. was formerly suggested by Walker and Bliss (1932) , and has recently proved statistically by some authors (eg., Khandekar, 1979; Pant and Parthasarathy, Table 4 Factor loadings of the original yearto-year monsoon rainfall for the first 5 components.
1981 etc.).
Cross spectral analysis between the time coefficients and the rainfall (Fig. 5) showed that the S.O. and the Indian monsoon rainfall is highly correlated in the period range of 6-8 years, 3-4 years and about 2 years. The cospectrum, coherence and the phase lag are shown in Fig. 9 . The dominant time scales of the S.O. shown here are in good agreement with those detected by Berlage (1961) .
Conclusion and remarks
By using nearly-global July mean surface pressure data covering the period of 106 years Fig. 9 Cospectrum, coherence and phase lag of the time coefficients (Fig. 8(b) ) to the Indian summer monsoon rainfall (Fig. 5) .
mid-latitudes during the past 100 years. This component may be taken as part of the major re-distribution of the hemispheric pressure patterns from the "Little Ice Age" to the present warmer period, associated with the apparent increasing of SST in the Southern Hemisphere. The spatial pattern of the second component (19% of the total variance) shows that the pressure anomalies of the subtropical ocean area is negatively correlated with those of the continental area, especially of Eurasia and Africa. The maxima of the anomalous pressure gradient from the ocean to the continent appeared in 1880's and 1940's through 1950's, and the minima in 1900's through 1920's and 1960's through 1970's. This pattern seems to be largely responsible for the active (or weak) Asian monsoon conditions, since the maximum (or minimum) pressure gradient may be well correspondent with the maximum (or minimum) strength of the Hadley and monsoon circulations. Actually, the time coefficients of this component are highly correlated with the monsoon rainfall over India (Parthasarathy and Mooley, 1978) . This component seems to correlate with the longterm SST change over the tropical and equatorial zone with the time scale of about 70 years or so. The third component is also closely associated with the monsoon rainfall. The spatial pattern indicates the north-southward (or eastwestward) shift of the main centers of action, such as the north Pacific high, the south Pacific high and the southern Indian Ocean high. A similarity of the time coefficients with some phase lag between the second and the third components suggests that these two components represent different phases of one dominant mode of the global-scale surface circulation change.
Through the analysis based on the original year-to-year data, the mode of the "Southern Oscillation" was also confirmed as a short-term fluctuation with a periodicity of less than 10 years. This mode appeared in the third component. (The first and the second component show fundamentally the same patterns as those deduced from the 11-year running mean data.) The spatial pattern show a contrast of pressure anomaly between the southern Pacific and the southern Indian Ocean. The time coefficients of this component shows relatively high correlation with the year-to-year fluctuation of the monsoon rainfall over India. Spectral analysis showed that the dominant time scales of this mode are about 2 years, 3-4 years and 6-8 years.
Thus, we may conclude that the global-scale circulation changes relating to the Indian summer monsoon show quite different features between the long-term and short-term fluctuations. Naturally, different physical processes should be taken into account for the fluctuations of these two modes. Recently, not a few studies have been devoted to the short-term fluctuations especially in connection with the S.O. As for the long-term fluctuations, however, it has been suggested that the large-scale SST changes and related long-term fluctuation of ocean currents in the equatorial zone and the Southern Hemisphere should be noted more as main controlling factors.
A similar analysis on the northern winter season (January) is also being made and the results will be reported soon.
